We report a new route to improve quantum efficiencies of AlGaN-based deep-ultraviolet lightemitting diodes (DUV LEDs) using mechanical flexibility of recently developed bendable thin-film structures. Numerical studies show that electronic band structures of AlGaN heterostructures and resulting optical and electrical characteristics of the devices can be significantly modified by external bending through active control of piezoelectric polarization. Internal quantum efficiency is enhanced higher than three times, when the DUV LEDs are moderately bent with concave curvatures. Furthermore, an efficiency droop at high injection currents is mitigated and turn-on voltage of diodes decreases with the same bending condition. The concept of bendable DUV LEDs with a controlled external strain can provide a new path for high-output-power and high-efficiency devices.
Introduction
Deep-ultraviolet (DUV) photons with wavelengths λ < 280 nm are useful for a number of applications in sterilization, waterand air-purification, chemical/biochemical detection, gas sensors, photolithography, non-line-of-sight communication [1] . Current conventional DUV light sources, gas-discharged lamps are bulky and fragile, and have short lifetimes. Also, widely-used mercury lamps contain toxic element that raises environmental and health concerns. Light-emitting diodes (LEDs) based on Al x Ga 1−x N semiconductor heterostructures have the potential to offer efficient, compact, reliable, and environment-friendly DUV light sources with similar beneficial characteristics to their siblings, visible LEDs. However, the current status of DUV LEDs operating at λ = 240-280 nm is far less matured than that of the visible LEDs. The overall efficiency, i.e. external quantum efficiency (EQE) is generally less than 10% [2] . These EQEs are not only significantly lower than those of the blue LEDs (~80%) [3] , but also lower than those of the gas-discharged lamps (~30%). High density of the defects such as threading dislocations in AlN buffer and subsequent AlGaN heterostructures epitaxially grown on foreign substrates is one of the critical factors that limit the internal quantum efficiency (IQE) of the devices [4] . Therefore, extensive efforts have been made to improve the crystalline quality of the AlN buffer layers by developing special growth techniques [5] . For instance, a recent study reported the threading dislocation density (TDD) of the AlN buffer layer on sapphire (0 0 0 1) as low as 2 × 10 8 cm −2 [6] . While this is a significant improvement, the approach has proven to result in only incremental improvement in cost/performance metric and to take significant resource in the epitaxial growth process. Furthermore, the reported TDD value is becoming closer to the state-of-the-art values of the GaN buffer on sapphire substrates for visible LEDs, which means that the further reduction in TDD of the buffer will be very challenging. Alternatively, the use of homoepitaxial growth on a native AlN substrate is more effective to further reduce the TDD [7] . However, the price of the native substrates is significantly higher and the size of the wafers is small, which has limited the adoption of the AlN substrates to only specialized high-end applications. Furthermore, the current AlN substrates show strong absorption bands in the UVC spectrum, which is detrimental to the emission of DUV LEDs [8] .
We propose a new technological route to significantly improve the IQEs without resorting to the buffer layer or substrate material improvement. We exploit the mechanical flexibility of the semiconductor thin films to apply controlled external strain for the modification of electronic band structures of AlGaN-based heterostructures and the improvement of resulting device characteristics of the DUV LEDs. Bendable semiconductor LEDs have been demonstrated by the integration of a thin-film device structure on a flexible substrate [9] [10] [11] [12] . The previous studies mainly focused on the integration of thin-film structures onto the flexible substrates and resulting mechanical flexibility for versatile applications of the LEDs on curved or variable surfaces, not on the effects of external strain on fundamental LED performance characteristics. The mechanical flexibility of the semiconductor thin films enables the application of high-degree external strain beyond the limit of internal lattice strain to the device structures. Especially with III-nitride (III-N) heterostructures under the influence of polarizations and resulting quantum-confined Stark effect (QCSE) [13] , external strain can change the performance characteristics and provide additional functionality of the visible light emitters and transistors [14, 15] . In this study, we show by numerical modeling that the change in the performance is particularly significant in DUV-LED structures due to unique properties of polarization coefficients and strain status of AlGaN heterostructures, as shown in table S1 (stacks.iop.org/JPhysD/51/105105/mmedia) of the supporting information (SI). Figure 1 shows a cross-sectional schematic of the flexible DUV-LED structure with an external bending load. The device structure experiences compressive and tensile strain in the bend-up (concave curvature, R < 0) and bend-down (convex curvature, R > 0) conditions, respectively, when a neutral plane is located in a flexible substrate. Figure S1 of the SI shows the bending conditions and associated in-plane strains of the flexible LED structure. Typical DUV-LED chips have a flip-chip configuration with the n-side of the diode up toward a top emitting surface. Also, the substrate that was used for epitaxial growth should be removed for the flexibility of the LED structure. Therefore, we considered the fabrication process using the transfer of the flipped LED structure onto a flexible substrate, followed by the wafer substrate removal. The flexible substrates can be any flexible or curved-surface materials. Figure S2 of the SI shows suggested fabrication steps to realize the flexible LED structure. ), and a p-GaN:Mg (100 nm,
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19 cm −3 ) contact layer. The EBL was used to reduce electron overflow out of active region. At room temper ature, usually, a only few percent of Mg dopant in p-AlGaN ionizes and provides free hole carriers, p, as the activation energy of acceptor is very high, i.e. 170-470 meV [16] .
A p-GaN layer was used for ohmic contact, although it absorbs a large portion of emitted photons which reduced light extraction efficiency (LEE). The electron and hole mobilities were assumed to be 100 cm 2 ·V −1 ·s −1 and 10 cm 2 ·V −1 ·s
, respectively [17] . TDD for all layers was varied between 2 × 10 8 cm
and 1 × 10 10 cm −2 [18] .
Applying external strain by bending for numerical studies
The computational simulation was carried out by a commercial 1D technology computer-aided design (TCAD) device simulator [19] , developed for the modeling of the operation of LED heterostructures based on direct-bandgap wurtzite semiconductors. The software simulates the band diagrams as a function of bias, electron and hole transport inside a heterostructure, and non-radiative and radiative carrier recombinations. The optical module employs Schrödinger equations for electrons and holes with the potential energy determined from a self-consistent solution of the Poisson and drift-diffusion transport equations. While many TCAD device simulators for photonic and electronic devices are available, they cannot be used in the calculation of flexible devices with active external loading. An additional module was developed in this study to include the effect of applied external bending strain on the polarization effects, quantum efficiency, and device characteristics. For the calculation of induced external strain by bending (figure S1 of the SI), the isotropic elasticity theory was applied with assumptions of pure bending, no-slip boundary between layers, and linear mechanics [20] . Also, radially uniform distribution of strain in the flexible structures and unloaded edges of the substrate were assumed. The tensor was used to estimate strains (ε xx [=η a ], ε yy , ε zz , ε yz , ε xz , ε xy ) and resulting piezo electric polarizations. We considered a biaxial strain condition for piezoelectric properties to retain the crystal symmetry of wurtzite structure under external load. Table S1 of the SI shows important input parameters used in the simulation. The curvature radius R was varied to consider various bending conditions in bend-up (R < 0) and bend-down (R > 0) modes as well as the no-bend condition (R = ∞), and L was set at 100 µm. The maximum applied strain on the structure was calculated as ~ ±4% at R = ±2.5 mm.
Results and discussion
The operation of LED includes carrier injection into the active region followed by photon generation by radiative recombination of the carriers (internal quantum efficiency [IQE, η IQE ]), and extraction of the photons from the device to free space (light-extraction efficiency [LEE, η LEE ]). The overall efficiency, EQE, η EQE is:
The efficiency of each step is required to be maximized for the overall improved EQE. The IQE and LEE of state-ofthe-art DUV LEDs are approximately 40% and 25%, respectively [2] . Hence, there is significant potential for the IQE and LEE to be increased for the overall EQE improvement. Figure 2 (a) shows the changes in IQE as a function of current density with different bending conditions. The overall IQE shifts to higher and lower values in bend-up and benddown conditions, respectively, from the IQE in the no-bend condition. In the bend-up conditions, the IQE increases with increasing degree of bending (decreasing |R|). Peak IQE increases from 27% (J = 14 A cm
) for the no-bend condition (R = ∞) to 45% (J = 80 A cm , the IQE at R = −2.5 mm (~64%) is almost three time higher than that of the no-bend condition (~21%).
For the IQE change shown in figure 2(a), the TDD was assumed to be ~2 × 10 8 cm
, which is similar to the value reported by Shatalov et al, where they have reported approximately two times improvement in IQE by decreasing the TDD from typical values of ~1 × 10 9 cm −2 [6] . The improvement of the IQE occurs regardless of TDD, as show in figure 3 . As the Shockley-Read-Hall (SRH) non-radiative recombination rate is strongly dependent on the defects, the IQE decreases with increasing TDD. Hence, the peak IQE decreases at higher TDDs. Nevertheless, the peak IQEs are improved significantly in the bend-up condition (red solid line in figure 3 ) as compared to those of no-bend conditions (black solid line in figure 3 ) in most TDD levels. Moreover, another advantage of this approach is highlighted at moderately high dislocation densities such as in ~10 9 cm −2 range. The peak IQEs for the bend-up mode (R = −2.5 mm) at TDD of 1 × 10 9 cm −2 and the no-bend mode at TDD of 2 × 10 8 cm −2 are ~32% and ~27%, respectively. The IQE can be enhanced even higher by controlled external strain of the LED structure without any further development in growth process. For LED having the same structure with the TDD of ~1 × 10 9 cm −2 , the peak IQE can be improved more than six times from ~5% in no-bend condition to ~32% by applying external strain, which is more significant improvement in IQE than that by the TDD reduction to ~2 × 10 8 cm
. The degree of bending used in this study appears to be large. For experimental demonstration of bent LED structure, in fact, the degree of bending is limited by the maximum allowable mechanical flexibility. The limit is a strong function of the thickness and structure. However, a substantial degree of bending has been reported in semiconductor-based thin films with extremely small curvature radii of ~265 nm and ~1.4 mm [21, 22] . The curvature radii we used in this study are significantly larger.
The IQE changes mainly originate from the modification of QCSE of AlGaN QW active region. The QCSE is another intrinsic limiting factor (besides crystalline defects) in the IQE of III-N-based devices. III-N materials, usually, are grown in a polar direction with gallium (Ga)-face along the c-direction, forming a (0 0 0 1) plane of wurtzite structure in which different types of polarization are involved [23, 24] . Both spontaneous and piezoelectric polarizations induce charges at the interfaces of the layers, where the induced polarization fields affect the electronic band structure and cause spatial separation in wave functions of electrons and holes; hence, carrier oscillator strength decreases [25] . Different approaches have been suggested to mitigate the polarization effects, including growing III-N structures on non-polar/semi-polar planes [26, 27] or controlling the degree of in-plane internally-induced piezoelectric polarization effect [28] . However, degree of freedom to modify the polarization effect was very limited. Active high-degree polarization control can be achieved by external bending. Figure 2(b) shows total polarization (P total ) changes in an active region of QWs and QBs and an EBL in different bending conditions. Internal fields applied in the QWs originate from the difference in total polarization between QWs and QBs (ΔP total ). Therefore, the induced changes in ΔP total is sensitive to polarization coefficients where applying external strain controls the piezoelectric polarization changes as well as the total polarization differences between QWs and QBs in different bending modes with various curvatures (figure S3 of the SI). For the bend-up mode, applying compressive external strain induces the piezoelectric polarization that is anti-parallel to the existing total polarization (with negative sign); hence, the total polarization (P total ) shifts toward positive values and ΔP total decreases. The ΔP total for bend-down (at R = 2.5 mm), no-bend, and bend-up (at R = −2.5 mm) modes are ~0.01 C m −2 , ~0.006 C m −2 , ~0.002 C m −2 , respectively. As discussed in the SI (equations S4 through S8), in the bend-up mode, the ΔP total decreases by increasing bending and becomes nearly zero at R = −2.5 mm. The QCSE is mitigated in this condition, similar to the growth in a non-polar direction [29] , in which polarization field is not induced inside QWs. In the bend-down mode, the QCSE becomes more significant with increasing bending. Therefore, the conduction and valence bands become almost flattened and more tilted for bend-up and bend-down modes, respectively. The spatial distribution of electrons and holes depends on the degree of tilt in the band diagram of QWs. In the bendup mode, the overlap of electron and hole wave functions increases compared to that of the no-bend mode, as shown in figure 4(a) . The oscillator strength of carriers and the consequent radiative recombination probability are enhanced. Therefore, a radiative recombination rate (R r ) of electrons and holes in QWs increases, which results in IQE improvement in the bend-up mode. The IQE is defined as:
where η in is carrier injection efficiency, η rad is radiative recombination efficiency, R r is a radiative recombination rate, and R nr is a non-radiative recombination rate. Non-radiative recombination includes SRH and Auger recombinations. While the degree of Auger recombination of III-N materials is still controversial, it is believed to be negligible in DUV LEDs due to low Auger recombination coefficient [30] . Hence, we assumed that only the SRH recombination, which is related to TDD, is responsible for the loss of injected carriers in a nonradiative way. Figure 3 also shows that the improvement by the bending becomes less effecive, when the dislocation densities are too high, e.g. >1 × 10 10 cm
, as the base-line IQE without bending is too low. When the rate of SRH recombination (R nr ) becomes significantly high, the improvement of IQE from higher R r by the mitigation of QCSE becomes marginal.
Furthermore in figure 2(a) , the IQE does not drop significantly in the bend-up mode. The high output power application of the DUV LEDs is limited by the efficiency droop [31] . Dominant mechanism of the efficiency droop in DUV LEDs is believed to be the electron spill-over from the MQWs to the p-AlGaN [32, 33] . Figure 5 (a) compares the band diagrams of the active region and the EBL at J = 200 A cm −2 , where the difference in efficiency droop between no-bend and bend-up conditions is observed. The barrier height of the EBL for electron confinement is increased for the bend-up mode (R = −2.5 mm), as the conduction and valance bands of the EBL are shifted upward and more flattened. This is due to reduced ΔP total between EBL and last QB, as shown in figure 2(b) . In no-bend (and bend-down) conditions, however, electrons experience reduced height of the EBL, resulting in more electron leakage out of the active region, as shown in figure 4(b) . higher barriers exist in the equilibrium condition without applied bias, as shown in figure S4 of the SI. For diode turnon to flow the current through the p-n junction, electrons in n-AlGaN and holes in p-AlGaN are required to overcome the electron and hole barriers. In the bend-up mode, the barriers for electrons and holes, especially the hole barrier, decrease, resulting in lower turn-on voltage. In the bend-down mode, the barriers are higher and higher voltage is required to maintain the same current density. This electrical property suggests that wall-plug efficiency (WPE) can be further improved in addition to the IQE improvement in the bend-up mode, since the device can be operated at lower voltage.
Another limiting factor in EQE of the DUV LEDs is inefficient extraction of generated photons. The LEE for further higher EQE is also expected to be improved in a curved semiconductor structures by increasing the angle of photon escape cones. The light extraction based on Monte Carlo ray tracing was carried out on the structure with a chip size of 700 × 700 µm 2 in different bending conditions. The roughening of the photon-emission surface was not included intentionally to show the effect of the curved structure only. The LEE simulation results with relatively low LEE <10% in the no-bend condition, which is typical for a single square LED chip. The LEE increases slightly by ~0.5% in bent conditions, as shown in figure S5 of the SI. This is due to the marginal increase in the angle of incidence of the cone due to the low curvature. While the low curvature is an advantageous characteristic for the IQE improvement without significant bending, it does not help expand the photon escape cone. In addition, top surface emission is not significant in dominant TM-mode emission in DUV LEDs [34] . Light distribution patterns show that the photon extraction is more efficient at the side-wall than the surface. Unlike the expectation, the increase in LEE for simulated bent LED structures is negligible. However, the flexible thin-film flip-chip LED structure in the bend-up condition with external compressive strain in QWs may offer another opportunity for LEE enhancement. The high degree compressive strain can change the optical polarization of photons from DUV QWs from TM dominant to TE dominant [35] , which will enhance the vertical out-coupling of DUV light to top surface. This vertical out-coupling of photon in conjunction with the surface roughening of N-polar AlN surface is expected to significantly enhance the LEE with less detrimental effects from absorptive layers located underneath of the active region.
Conclusions
In conclusion, we showed that applying external bending changes the characteristics of the flexible DUV-LED devices. With controlled bending, (1) radiative recombination rate can be enhanced for higher IQEs; (2) hole transport and electron confinement are improved for mitigated efficiency droop; and (3) better electrical characteristics is achieved for higher WPE by lowering operating voltage of the diodes. The DUV LEDs can be integrated on a pre-defined curved packaging substrate to apply the controlled external strain. This will open an additional route for high-efficiency high-output-power applications of the DUV LEDs. 
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